This study examined the effects of context on the production of vowels spoken by children of different ages in isolation and in a carrier sentence. Vowels were extracted from a database of hVd syllables produced by 208 native English talkers from the North Texas region, ranging in age from 5 to 18 years with approximately equal numbers of males and females. Preliminary analysis of a subset of the database (around 40% of talkers) showed a systematic reduction in vowel duration for syllables in isolation and for those spoken by older children. Vowels in sentence context were approximately 30-40 percent shorter than in isolated syllables, and durations were less closely linked to age group. Formant frequencies (F1 and F2) showed similar patterns for vowels in isolated syllables and sentences, and decreased as a function of age as expected. However, measures of formant movement across the vowel (from 20 to 80 percent of the vowel duration) revealed increased F1 and F2 movement for syllables in isolation compared to those produced in carrier sentences. A comprehensive analysis of the database is presented and implications for vowel recognition will be discussed.
INTRODUCTION
A considerable amount of research in the speech production literature has been devoted to the development of speech motor control in children. As children get older, their articulatory gestures generally become faster and more refined. Studies of vowel production have shown that compared to older children and adults, younger children produce longer and more temporally variable vowels (Smith, 1992; Lee et al., 1999) . Additionally, the formant frequencies lower with age due to anatomical differences (Fitch and Giedd, 1999; Vorperian and Kent, 2007) and become less variable as a result of developmental changes in motor control (Kent, 1976; Green et al., 2002) . There is some evidence that these age effects vary as a function of the context in which vowels are spoken (Gibson and Ohde, 2007) . To further examine the interaction between age and the context, we have carried out an acoustic analysis of vowels spoken by 208 children ranging in age from 5 to 18 years in /hVd/ syllables in isolation and in a carrier sentence. As a preliminary step this paper examines context effects on vowel duration and formant frequency movement using a subset of 84 children. The results confirm previous findings that the duration of the voiced portion of vowels decreases when the syllables are spoken in a carrier sentence (compared to isolated syllables) and that younger children (ages 5-11) produce longer vowels than older children (ages 12-18). In addition we show that formant frequency movement across vowels decreases in sentence context and in older children, but the pattern of formant frequency movement for individual vowels is relatively unaffected by these differences.
While duration and temporal variability have been studied in a variety of contexts, the study of context effects on formant movement within the vowel (vowel inherent spectral change, or VISC; Nearey and Assmann, 1986; Nearey, 2013; Assmann et al., 2013) has received less attention. A limitation of existing research on VISC has been that most studies have examined patterns of formant movement in a limited number of talkers or exclusively in adults rather than in children. In particular, little work has focused on developmental changes in formant movement for vowels spoken in isolation and in sentences. In the present study we sought to contribute to the literature on children's speech development with a special focus on the role of context effects brought on by VISC and coarticulation on duration and formant frequency movement in children from different age groups.
VOWEL DATABASE
A database of American English vowels was obtained from 208 children ranging in age from 5 through 18 years from the Dallas, Texas region over a 2-year period between 2006 and 2008. The vowels were recorded in /hVd/ syllables spoken in isolation and in the carrier phrase, "Please say the word ______ again." The database includes at least ten children at each age with approximately even numbers of girls and boys. The present study is based on a subset of 84 talkers from the database, corresponding to three talkers per age/sex category. All speakers had normal speech and hearing, and spoke English as their native language. Recording sessions lasted approximately 45 min to one hour. The children received $10 for their participation and adults received experiment participation credits required for their program of study in the School of Behavioral and Brain Sciences at UT Dallas. Future analyses will include additional talkers in the database; we are currently collecting more data with a goal of reaching at least 10 talkers per age/sex category (280 talkers).
The vowel set included the 12 monophthongal vowels of American English: /i/, heed; / /, hid; /e/, hayed; / /, head; /ae/, had; / /, hud; / /, herd; / /, hod; / /, hawed; /o/, hoed; / /, hood; /u/, who'd; and three diphthongs, / i/, hide; / u/, how'd; and / i/, hoyed. The recordings were elicited following a screen prompt that displayed the orthographic representation of the /hVd/ syllable along with an audio example spoken by an adult female from the Dallas area. Five repetitions of each of the 15/ hVd/ syllables were elicited from each of the children in both isolated and sentence contexts. Recordings were made in a double-walled sound treated booth using a Shure SM-94 microphone, Symetrix SX202 dual-microphone pre-amplifier and Tucker-Davis Technologies data acquisition hardware (MA1, RP2.1). The digital waveforms were stored on computer disk at a rate of 48 kHz and 16-bit resolution. Following the recording sessions, each recording was screened by phonetically trained listeners and tokens judged to be misarticulated were discarded.
ACOUSTIC ANALYSIS
A semi-automated gating procedure was used to isolate the /hVd/ syllables from the sentence context recordings and extract the vowels from the syllables. The vowel onset was defined as the first pitch period of the voiced portion of each syllable; the offset was defined as the end of the last pitch period before the silent interval caused by the final /d/ or by a 15dB drop in the levels of the higher formants (F2-F5) when pre-voicing filled the silent interval. Fundamental frequency was estimated at 1 ms intervals using a procedure developed by Kawahara et al. (2005) . Formant frequencies were measured in 2 ms intervals using an automated formant tracking algorithm developed by Nearey et al. (2002) . We used a procedure to time-normalize and summarize the data that consisted of dividing the fundamental frequency and formant frequency measurements across each vowel trajectory into 10 equal segments. This provided 11 analysis frames to measure duration and formant frequency positions at multiple points across each vowel.
The 5 to 18 year-old children were grouped into two sub-ranges to facilitate visual interpretation of the data: (1) 5-11 year olds; (2) 12-18 year olds. For the statistical analysis we analyzed the median of all repetitions per talker for each vowel. Vowel duration (ms) was calculated by subtracting the vowel onset from the offset. The duration of measurements was subjected to partially repeated measures analyses of variance (ANOVAs) with three factors: vowel (12 levels), context (2 levels) and age group (2 levels). Based on previous research (e.g. Assmann et al., 2013) , F1 and F2 were analyzed separately using the formant values obtained at an early (20%) and a late point (80%) along the vowel trajectory. The formant frequency estimates were subjected to partially repeated ANOVAs with four factors: vowel (12 levels), context (2 levels), slice (2 levels corresponding to the 20% and 80% points of each vowel) and age group (2 levels). The formant frequency ANOVAs were performed separately for boys and girls due to inherent differences between F1 and F2 values due to anatomical differences and speech production factors. The formant movement analyses were performed only on the 12 monophthongs, given that formant frequency movement in diphthongs in various contexts are already well established in the literature.
RESULTS

Context Effects on Duration
Vowels spoken in hVd syllables within a carrier sentence were approximately 30-40 percent shorter than those spoken in isolation. The analysis of variance on vowel duration confirmed a main effect of context, F (1, 80) = 225.34, p < .001. There was also a main effect of age group, F (1, 80) = 23.22, p < .001); duration for each vowel was higher for the younger group of children compared to the older group. Fig. 1 displays the mean duration for each vowel, context, and age group. The figure shows clearly the shorter duration for each vowel when spoken in the carrier sentence and the decrease in duration moving from the younger group to the older group. There was also a significant interaction between age group, vowel, and context, F (14, 1120) = 3.69, p < .001), indicating that the differences in duration between the two age groups and contexts are not consistent for all vowels. As shown in Fig.  1 , durations for the lax vowels (/ /, hid; / /, head; / /, hood; /ae/, had) were among the shortest in both contexts and were more similar between the two age groups for the sentence condition. These findings complement the results reported by Assmann et al. (2013) , who found similar patterns for duration for vowels spoken in isolated syllables. FIGURE 1. Vowel duration plots for isolated (blue filled points) and sentence context (blue outlined points) vowels for 84 children, aged 5-18 years, broken into two age groups: 5-11 years (circles) and 12-18 years (squares). Duration was measured from the first pitch period of the voiced portion of each syllable to the last pitch period before the silent interval caused by the final /d/, or by a 15dB drop in the levels of the higher formants (F2-F5) when pre-voicing filled the silent interval. Points represent group means calculated using the median of each talker's repetitions.
Context Effects on Formant Frequency Movement
The analysis of formant frequency movement revealed systematic differences in F1 and F2 across the voiced portion of the vowel for the isolated and sentence contexts. The ANOVA for vowel, age group, context, and slice (20% or 80% of vowel duration) for F1 in girls resulted in significant main effects of slice, F (1, 40) = 109.36, p < .001, age group, F (1, 40) = 24.85, p < .001 and vowel, F (11, 440) = 434.37, p < .001. There were also significant interactions between age group and vowel, F (11, 440) = 3.29, p < .001, vowel and slice, F (11, 440) = 33.50, p < .001, and context and slice, F (1, 40) = 7.44, p < .01. For F2 in girls, there were significant main effects of slice, F (1, 40) = 131.77, p < .001, age group, F (1, 40) = 59.68, p < .001 and vowel, F (11, 440) = 578.44, p < .001. For F2 in girls there was also a significant higher order interaction between age group, vowel, context, and slice, F (11, 440) = 3.07, p < .001. For F1 in boys, there were significant main effects of slice, F (1, 40) = 215.06, p < .001 and vowel, F (11, 440) = 371.70, p < .001, as well as a significant interaction between age group, vowel, context, and slice, F (11, 440) = 1.86, p < .05. For F2 in boys, there were significant main effects of slice, F (1, 40) = 296.46, p < .001, age group, F (1, 40) = 28.66, p < .001, and vowel, F (11, 440) = 661.31, p < .001. There was also a significant interaction between vowel, context, and slice, F (11, 440) = 6.86, p < .001. Fig. 2 displays the interaction between vowel, context, slice, and age group which was significant for F2 in girls and F1 in boys. The top panel contains the 20% and 80% points for each vowel, context, and age group for girls (bottom panel for boys), connected by red (younger age group) or blue (older age group) lines. The top sets of paired red and blue lines on each panel correspond to F2 means taken from the median of each talker's repetitions; the bottom sets correspond to F1 means. The figure shows the differences between the amount of F1 and F2 movement as a function of context and age group, with less variation between the isolated and sentence contexts in F1 and greater variation between the two contexts for the younger age group. The figure also shows the expected drop in F1 and F2 from the younger age group to the older age group and that the general direction of movement for each vowel was preserved despite changes in context.
Post-hoc analyses were performed on the four-way interaction between age group, vowel, context, and slice by vowel to determine if all monophthongs showed the same pattern of results. Bonferroni-corrected t-tests were performed to identify significant differences in formant movement for the two contexts over the trajectory of each vowel. In summary, many of the post-hoc comparisons for individual vowels that were significant in isolation remained significant in the sentence context. An interesting result, however, was that some vowels exhibited significant formant frequency movement between the two analysis frames in the isolated condition but not in the sentence condition, which reflects the tendency for some sentence context vowels to be spoken with less formant frequency movement. The vowels / / (hood), /u/ (who'd), and / / (hawed) showed this pattern. For F2, the lax vowels / / (head) and /ae/ (had) consistently showed less movement and non-significant results comparing the two analysis frames for most of the age and sex categories.
DISCUSSION
In the present study we examined vowel duration and patterns of formant frequency movement in vowels spoken in /hVd/ syllables in isolation and in a carrier sentence. Analysis of speech recordings from 84 talkers from the North Texas region revealed longer overall vowel durations in isolated syllables accompanied by increased formant frequency movement for F1 and F2. In addition, main effects of age group were found for vowel duration and formant frequency movement (excluding F1 in boys), reflecting the tendency for younger children to produce longer and more variable vowels. Interactions that warrant further study were found between duration and age group, vowel, and context, showing that the age-and context-related effects on duration were not consistent for all vowels. For formant frequency movement, interactions were found for F1 between vowel, context, and slice for males and for F2 between vowel, context, and slice for females and males.
As a preliminary analysis of a subset of the database, our future directions include the need to analyze more talkers to provide a more comprehensive look at the effect of context on vowel production. It is well established that formant movement inherent to the vowel (VISC) and the effects of coarticulation are key contributors to contextrelated effects (Nearey, 2013) and further study is required using additional talkers to model these effects for individual vowels.
